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Continuous Reinforcement in 
Concrete Pavement— 


alter [5']. years 


In 1938 there was constructed near Stilesville, Indiana, as a cooperative re- 
search project, a reinforced concrete pavement containing a number of sections, 
ranging in length from 20 to 1,310 feet. Three types of steel were used, and the 
amount of longitudinal reinforcement was varied from 0.07 to 1.82 percent among 
the sections. The purpose of the research was to obtain information on the 
possibilities for reducing the number of transverse joints in concrete pavement 
through the use of longitudinal steel reinforcement. 

Observation of the experimental pavement sections after 15% years of service 
indicates that, with the proper use of longitudinal reinforcement, any spacing 
of transverse joints within the range studied will give satisfactory performance, 
without failure of the steel or adverse-effects on the concrete. 

In the long, heavily reinforced sections numerous closely spaced transverse 
cracks have developed, but these have not opened and are not detrimental to 
In fact, an outstanding impression of 
the pavement is the superficial nature and structurally harmless character of 
transverse cracks held closed by continuous longitudinal reinforcement. Irre- 
spective of section, length, all cracks held closed by reinforcement have been 
, free of faulting, and have required little or no 


ra j 4 ° 
2 surface smoothness or pavement life. 
a 
ne . . *. 
“B highly resistant to pumping 
a maintenance. 
bi Be 


Longitudinal reinforcement in very large amounts can be used without danger 
of cracking of the concrete above the steel, buckling failures, or disintegration 
of the concrete. Longitudinal reinforcement in small amount, 0.11 percent or 
less, should be used with caution in pavements subjected to heavy truck traffic. 


This investigation was planned primarily to determine the extent to which 


2 

my The performance of the longest sections indicates that continuously reinforced 

e pavements will be less susceptible to pumping than pavements of other designs, 

i although under certain conditions of traffic and subgrade they will not be 
2 immune from pumping along the longitudinal free edge. 

ian 








various types and amounts of longitudinal steel reinforcement could be used 
to reduce the number of transverse joints in concrete pavements. Thus its 
purpose was to produce information mainly on structural performance. The 
general excellence of the performance of the pavement sections over a period 
of more than 15 years raises a question regarding the economic benefits of re- 
inforcing steel that cannot be answered at this time or by this investigation 
alone. However, subsequently there have been constructed several other con- 
tinuously reinforced pavements of varying designs which are being observed 
and reported upon. It is believed that as time develops more information, it 
may eventually become possible to evaluate the relative economics of con- 


tinuously reinforced pavement and that of more usual designs. 


YENHIS is the fifth of a series of reports of a 
4 cooperative research investigation under- 
t aken in 1988 by the Indiana State Highway 
Department and the Bureau of Public Roads 
to study the effects of varying amounts of 
e ntinuous longitudinal steel reinforcement 
in portland cement concrete pavement sec- 
tions of various lengths. Preceding reports 
-/)! have described in detail the design and 


1 Numbers in Seinicses refer to the bibliography, p. 141. 
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construction of the project and the perform- 
ance and behavior of the sections during the 
first 10 years of service. The present report 
describes the condition of the various sections 
as observed during a performance survey con- 
ducted in the spring of 1954 when the pave- 
ment was 1534 years old. On the assumption 
that the reader is either familiar with this 
investigation or can easily obtain previously 
published information about it, only those 


A Cooperative Investigation by the 
Indiana State Highway Department 
and the Bureau of Public Roads 


Reported by HARRY D. CASHELL, 
Highway Physical Research Engineer, 
Bureau of Public Roads, and 

WILMER E. TESKE, Research Engineer, 
Indiana State Highway Department 


data essential for clarification are repeated 
in this report. 

The experimental reinforced sections, rang- 
ing in length from 20 to 1,310 feet, were con- 
structed near Stilesville, about 30 miles west 
of Indianapolis, Ind., as part of the pie 
bound lanes of the divided highway U. 8S. 40. 
The continuous steel reinforcement Re 
rail-steel bars, billet-steel bars, and wire 
fabric, of varying sizes and weights such as 
to provide percentages of longitudinal steel 
ranging from 0.07 to 1.82 (see table 1). 

In addition to the regular sections listed in 
table 1, four special 500-foot sections were 
constructed in which weakened-plane joints 
were spaced at 10-foot intervals and the bond 
between the longitudinal steel and the con- 
crete was broken purposely for a distance of 
18 inches on each side of each joint. 

In compliance with 1938 standard speci- 
fications, the pavement is 20 feet wide with 
a 9-7-9-inch thickened-edge type cross sec- 
tion. Construction was directly over a 
natural fine-grained soil (table 2) common to 
the Indianapolis area and now known to be 
highly susceptible to pumping. 

Traffie flow (fig. 1) on U. S. 40 in the im- 
mediate vicinity of the experimental sections 
has increased steadily since 1938, reaching in 
1953 an estimated annual’ average daily 
volume (in both directions) of nearly 8,000 
vehicles, trucks and buses comprising approxi- 
mately 25 percent of the total. 


Scope of Performance Survey 


The 1544-year performance survey of the 
experimental pavement consisted primarily 
of a critical examination of the various sec- 
tions for possible inherent characteristics 
and. weaknesses that might affect or shorten 
their service life. During the survey atten- 
tion was particularly focused on: (1)- The 
effect of transverse cracking on _ surface 
deterioration and concrete durability; (2) the 
manner in which the various types and quan- 
tities of longitudinal steel performed their 
structural function of holding cracks tightly 
and permanently closed; (3) the susceptibility 
of the sections to pumping and the influence 
of pumping at the joints, cracks, and edges 
of the pavement; (4) the maintenance require- 
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ments of the sections; (5) the effect of traffic 
on pavement behavior and condition as 


indicated by a comparison between the — 


heavily traveled outer lane and the more 
lightly traveled passing or inner lane; and (6) 
the surface smoothness of the sections. 


Conclusions 


Constructed on a pumping-susceptible soil 
and subjected to relatively heavy traffic for 
15% years, the experimental sections have by 
their behavior and condition provided basic 
information applicable to the ultimate per- 
formance of reinforced concrete pavement. 
The most significant conclusions to be drawn 
from the results of this investigation follow: 


Regular sections 


1. Sections of any length can be reinforced 
with continuous longitudinal steel in sufficient 
amount to maintain all transverse cracks in 
a tightly closed condition without adverse 
effect on the concrete. 

2. The length of a continuously reinforced 
section containing adequate steel has a pro- 
nounced effect on the pattern of transverse 
crack development. In sections up to approx- 
imately 150 feet in length the cracks will be 
comparatively few and variably spaced. In 
the end regions of ‘longer sections the same 
condition will exist while in the central region 
of long sections numerous closely spaced 
eracks will form. 

3. The rate of crack development and the 
crack frequency will have little effect on the 
service life of adequately reinforced sections. 

4. Surface widths of cracks held closed by 
continuous reinforcement will increase gradu- 
ally with time by raveling and wearing super- 
ficially under exposure and the action of 
traffic; however, this condition will not impair 
the durability of the concrete and will require 
little maintenance. 

5. Cracks held closed by continuous rein- 
forcement will be highly resistant to pumping, 
practically free of faulting, and will seldom 
develop surface roughness. 

6. Welded wire fabric as light as 32 pounds 
per 100 square feet and longitudinal bar 
reinforcement as light as 14-inch bars spaced 
at 6-inch centers appear to be structurally 
incapable of performing the intended function 
of holding transverse cracks permanently 
closed in pavement sections subjected to 
heavy traffic. 

7. A continuously reinforced concrete pave- 
ment without joints will be less susceptible 
to the damaging effects of pumping than rigid 
pavements of usual current designs but, under 
certain conditions of subgrade type and traffic, 
will not be immune from pumping action at 
the longitudinal free edge of the pavement. 


Special sections 

1. Preservation of pavement continuity is 
an essential requirement of the design com- 
prising short, constructed slabs held together 
by relatively lightweight reinforcement. 

2. To preserve continuity of the pavement 
surface, longitudinal reinforcement heavier 
than that provided by wire fabric of 91 pounds 
per 100 square feet would be required if 
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Cal- ? strength of longi- | 
Weight Percent- 
Number of | Lensth of Sir aot of rein- Longitudinal Transverse aze of ude ee 
F of each i | aLOLCO anole 2 Seca ongi- |. 4 
sections for | section 2 Pine 1 | ment tudinal t 
each stee ; ; steel 5 Yield ; 
length 1 Spacing Spacing point Ultimate 
Diameter! °° |Diametert| ° t° & “a 
Lb. per | Lb. per Lb. per | Lb. per j 
Feet sq. in. | 100 sq. ft. Inches Inches Percent sq. in. sq. in, | 
RAIL-STEEL BARS (DEFORMED) 
600 25, 000 | : 
840 | 35,000 A api n 
2. Sees 1, 080 45, 000 567 1-in. 6 4-in. 24 1, 82 63,000 | 113, 200 
1,320 | 55, 000 
340 25, 000 
470 | 35,000 5 “ula 
ry ae or 610 45, 000 334 34-in. 6 ¥-in. 24 1,02 64, 400 | 113, 300 
740 56, 000 
150 25, 000 
210 35, 000 +" Yj 
4..--.----.- 70 45, 000 167 V-in. 6 1-in. 24 . 45 68, 800 | 115, 300 
330 55, 000 
80 25, 000 
120 35, 000 ve 4 
6a ee 150 45, 000 94 3%-in. 6 3¢-in. 24 . 26 66, 700 | 93, 600 
180 55, 000 
40 25, 000 . 
50 | 35,000 ale * 
he ots 60 45, 000 50 Y-in. 6 Y-in. 12 ok 60,300 | 84, 600 
80 55, 000 
BILLET-STEEL BARS (DEFORMED), INTERMEDIATE GRADE 
360 15, 000 
3 aks ate a ty He 567 1-in. 6) Yin. 24 1.82 | 46,900 | 78,000 
1, 080 45, 000 : 
200 15, 000 
PA ti de> 2 an me ner 334) 34-in. 6| %in. 24 1.02 | 49,100 | 78,500 
610 45, 000 
90 15, 000 
ae pee HN ees 167| 14-in. 6| in. 24 .45| 51,400 | 78,600 -| 
270 45, 000 
50 15, 000 
Pre te in ry pei 94| in. 6| 36-in. 24 .26| 55,500 | 81, 900 
150 45, 000 
ff 20 | 15, 000 
aes EN eae ane 50|  34-in, 6| %-in, 12 .11| 56,900 | 77,300 
60 45, 000 
WIRE FABRIC (COLD-DRAWN WIRES) 
140 25, 000 
190 35, 000 
62555, 2b 250 45,000 149 | No. 0000 4 No. 3 12 O42) 12-8 aaa 81, 800 
310 55, 000 
i eats | 170 45, 000 107 | No. 0000 6 No. 3 12 282 see 80, 300 
200 55, 000 
aa 25, 000 
10 | 35, 000 
5S eo a 140 45, 000 91 | No. 000 6 No. 4 12 24: bes set ee 89, 100 
170 55, 000 
60 | 25, 000 
80 35, 000 
Lee ee Sa 100 45, 000 65 No.0 6 No. 6 12 17, | eee 83, 700 
120 55, 000 
30 | 25, 000 ; 
50 35, 000 
eee ee Es 60 45, 000 45 No.3 6 No. 6 12 yh Oe ee 81, 000 
80 55, 000 
a ae 000 
. 0 5, 000 
ee Sen 40 45, 000 32 No. 6 6 No.6 12 fas Beh 88, 700 
50 55, 000 











1 The term “‘section”’ as used in this report refers to a lane or 10-foot width of pavement; thus the number ‘‘2’’ indicates a 


pair of sections, one being on each side of the center joint. 


* The lengths of the longer sections are nominal lengths and may be either 5 or 10 feet greater than the actual length in 


cases where a pair of bridge-type joints were installed. 


’ Calculated by subgrade resistance method with coefficient of resistance equal to 14% times the weight of the Oe TOO be 
4 The rail-steel and billet-steel reinforcement were round bars. 
No, 0000, 0.3938 inch; No. 000, 0.3625 inch; No. 0, 0.3065 inch; No. 3, 0.2437 inch; No. 4, 0.2253 inch; No. 6, 0.1920 inch. 
5 Cross-sectional area of the longitudinal steel expressed as a percentage of the cross- -sectional area of the concrete slab. 


shear bars are omitted at the weakened-plane 
joints. If shear bars are included in the 
design, however, pavement continuity can be 
preserved with an amount of longitudinal 
reinforcement somewhat less than that 
provided by the 91-pound fabric. 

3. As long as continuity exists, the pavement 
will be free from all but very slight faulting 

















The diameters of the wires in the fabric were as follow 


at the weakened-plane joints, of acceptable 
surface smoothness, and highly resistant 
pumping. 
4. The submerged type, weakened-plane 
joint with a copper seal enveloping the bottom: 
parting strip appears to provide more protec- 
tion against the entrance of water to the sub- ! 
grade than that obtained with the surfac e 
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) Table 2.—Subgrade soil data ! 


Material 
retained |Plasticity) Moisture 
on No. index content 
270 sieve 


Total soil | Location 


samples 
‘for each 
depth 


surface 


Inches Percent | Percent | Percent 





SECTIONS CONTAINING RAIL-STEEL BARS 








4-12 19 13 


0-4 19 12 
12-24 21 13 


13. 2 
16. 1 
18. 1 








SECTIONS CONTAINING BILLET-STEEL BARS 





4-12 23 12 


0-4 24 11 
12-24 24 12 











SECTIONS CONTAINING WELDED-WIRE FARRIC 





4-12 12 


0-4 10 
12-24 13 


11.2 
13.4 
14.1 














1 Average data from tests on samples taken from the 
finished subgrade just prior to placing concrete. 


groove type of joint. However, the fractures 
that form above the parting strips will be 
meandering in character and unsightly in 
appearance. 

5. Elimination of expansion joints and the 
consequent minimizing of progressive opening 
of the weakened-plane joints would be advan- 
tageous to pavements of this design. 


Development of Cracking 


Crack development during the first 10 
years of pavement life has been carefully 
recorded and fully described in preceding 
published reports; consequently, only data 
indicative of the general trend of cracking are 
reported here. 

Typical examples of crack patterns that 
formed during the 15!4-year period of service 
are shown in figure 2. To emphasize the 
more recent fractures, only those that appeared 
within the final time period covering the last 
54 years are labeled with their survey 
number (7). 

The data of figure 2, although limited, give 
a good idea of the crack development existing 
in the range of section lengths comprising the 
experimental pavement. Briefiy, the shorter 
sections are comparatively free of fractures. 
As the length of section increases, however, 
cracking is more frequent until in the central 
region of the longest sections the crack inter- 
val is often less than 2 feet. 

Figures 3 and 4 show the development of 
cracking over the 15%4-year period in two 
selected cases, a 310-foot section and the 
critical central region of the 1,310-foot section. 
In this report, unless otherwise noted, frac- 
tures less than 5 feet long and those that 
Occurred at the extreme ends of sections as a 

result of pumping at the joints are not con- 
_ sidered in the various analyses of cracking. 

_ Figure 3 indicates the manner in whieh the 
fractures appeared with respect to time. As 
will be noted, the rate of cracking was very 
| high during the first year following construc- 
tion, after which the rate was comparatively 
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ANNUAL AVERAGE DAILY TRAFFIC - 
THOUSANDS OF VEHICLES 


1940 








Figure 1.—Traffic volume on U, S. 40 in the immediate vicinity of the experimental 
pavement, 


low, remaining rather uniform for the inter- 
mediate-length section and diminishing pro- 
gressively with time in the case of the central 
area of the long section. Of special interest is 
the fact that 13 percent of the cracks now pres- 
ent in the central 400 feet of the 1,310-foot 
section formed during the last 54% years. 
This suggests a continued high stress condi- 
tion in the concrete in that region, with con- 
tinued bond between the steel and the 
concrete. 


Bi, 
60-FOOT SECTION REINFORCED 
WITH 45- POUND WIRE FABRIC 


Figure 4 shows the effect of pavement age 
on the average distance between cracks. Of 
interest is the average crack interval of 2.3 
feet (range from 1 to 6 feet) now existent in 
the central portion of the 1,310-foot section 
reinforced with 1.82 percent longitudinal 
steel. 

In the discussion of figures 3 and 4 attention 
has been directed purposely to crack develop- 
ment in the central portion of the 1,310-foot 
section, because it is indicated that cracking 
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120-FOOT SECTION REINFORCED 
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310- FOOT SECTION REINFORCED 
WITH 149- POUND WIRE FABRIC 
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CENTRAL 400 FEET OF THE 1310-FOOT SECTION 
REINFORCED WITH I-INCH DIAMETER RAIL STEEL BARS 


Figure 2.—Typical crack patterns in sections of various lengths after 151/2 years. (Frac- 
tures numbered 7 occurred between the sixth and seventh crack surveys, October 1948 


and April 1954.) 
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YEARS AFTER CONSTRUCTION 


Figure 3.—Rate of crack development during the first 151/2 years of pavement life. 
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YEARS AFTER CONSTRUCTION 


Figure 4.—Relation between average transverse crack interval and age of pavement. 


in this area approximates closely that which 
would develop in the critical area of a pave- 
ment of infinite length continuously rein- 
forced with 1.82 percent steel. Other, more 
recent researches (5—10) have shown, however, 
that continuous pavement without joints can 
be reinforced adequately with considerably 
less longitudinal steel than the 1.82 percent 
used in the 1,310-foot sections. Comparison 
between the results of the later researches 
and the one under discussion indicates that 
eracks will form at somewhat greater intervals 
in the critical region of continuous pavement 
containing lesser (and hence more economical) 
amounts of longitudinal steel than in the cen- 
tral portion of the heavily reinforced 1,310- 
foot section. This is as might be expected. 
Discussion of cracking has thus far been 
confined largely to that which develops in 
continuously reinforced sections of considera- 
ble length. An analysis of the crack data 
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obtained from shorter sections reinforced with 
various weights of welded wire fabric is 
shown in figure 5. In this figure the average 
crack interval or slab length, at pavement 
age of 15% years, is plotted against section 
length as constructed. Slab length is defined 
as the distance between two expansion joints, 
two transverse cracks or an expansion joint 
and a crack. ne 

The curves of figure 5, despite limitations, 
Suggest a general pattern of cracking for 
reinforced sections up to approximately 250 
feet in length; that is, the average slab length 
increases with an increase in section length 
until a peak value is reached, beyond which 
there is a rapid decrease in the average length 
of slabs. For conditions existing in the 
sections under discussion, the longest average 
slab lengths are found at a section length of 
about 130 feet. 

It is indicated that, for weights of wire 


fabric of 91 pounds per 100 square fee or less 
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the relation between section length and aver 
age slab length is unaffected by the amount 0 
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reinforeement present. For greater weights 
of reinforcement, however, there appears t 
be a pronounced effect. For example, in the 
ease of a 140-foot section, the average slab 
length was 70 feet for welded fabric ranging 
in weight from 45 to 91 pounds per 100 squai e 
feet, whereas the average slab length for the 
107- and 149-pound fabric was 86 and 120 


feet, respectively. 


Character and Effect of Cracking 


An outstanding impression of this and all 
previous condition surveys is the superficial 
nature and structurally harmless character of 
transverse cracks held closed by continuous 
longitudinal steel. The vast number of 
fractures that occurred in the longer, more 
heavily reinforced sections, however shocking 
when considered numerically, have not weak- 
ened materially the structural continuity of 
the pavement. Irrespective of crack incidence 
or rate of crack development, all sections, 
except those reinforced with the lightest 
amount of each type of steel, have continued 
in service free from distress at the cracks other 
than inconsequential edge raveling and ver, 
limited damage caused by localized scaling and 
spalling. 

Over the years, exposure and the action of 
traffic have produced various degrees of ravel- 
ing and wearing of the surface edges of the 
transverse cracks. At present, especially in 
the long, heavily reinforced sections, a few 
of the earlier and-many of the more recently 
formed fractures are almost imperceptible 
at the surface of the pavement, being discern- | 
ible only by extremely close inspection. In 
contrast, other fractures in the same sections | 
and of the same age group are quite conspicu- | 
ous at the surface of the pavement, having 
raveled and rounded to widths which, at the 
surface, average approximately one-eighth 
inch. eS 

Cracks in the lightly reinforced short and 
moderate-length sections are, in general, 
more readily seen than those in the more 
heavily reinforced longer sections and, for @ 
given long section, cracks in the central region 
are more prominent than those in the end 
regions. j 

Figure 6 shows the surface condition 
the pavement at several transverse cracks 
observed in the outside wheel path of th 
heavily traveled lane. These photographs 
taken in 1954, are of fractures that ona 
at an early age in the central portions of th 
longest sections reinforced with l-inch diam 
eter rail-steel bars, 14-inch diameter rail-ste¢ 
bars, 149-pound wire fabric, and 91-pounc 
wire fabric, the percentages of longitudin: 
reinforcement being 1.82, 0.45, 0.42, and 0.2 
respectively. By selection, the surface width 
of the fractures shown are representative of 
the widest resulting from raveling that were 
observed in each respective group of sections. 

The cracks shown in figure 6, although) 
restricted in length, serve to illustrate severe : 
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conditions or characteristics of cracking tha 
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were a obvious when actually seen in the 


- 1. The ies, width of an individual 
erack i is variable along its length. 


2. The surface widths of cracks in the 
; shorter, more lightly reinforced sections are 
wider, on the average, than those of cracks in 
the heavily reinforced longer sections. 


3. The extent of raveling or wearing now 
}present at the edges of cracks held closed by 
Jcontinuous longitudinal reinforcement can 
hardly be considered as detrimental to surface 
smoothness or to pavement life. 


Another very important structural char- 
acteristic existing at all cracks held closed by 
continuous reinforcement, but not apparent in 
figure 6, is the fineness of the real widths of the 
teracks themselves; that is, widths which, ua- 
like those observed at the surface, are unaf- 
fected by raveling and wearing of the crack 
edges. The real widths of all cracks are many 
times smaller than their respective surface 
widths. Like their surface widths, the real 
widths increase with a decrease in the percent- 
age of longitudinal reinforcement, other con- 
ditions being equal. 

The erratic surface raveling of the cracks 
throughout their lengths naturally makes it 
impossible to establish exact values of their 
surface widths. Nevertheless, to disclose 
behavior trends, if any, a procedure of meas- 
urement was adopted which gives estimated 
values of the average surface widths of cracks. 
Essentially, this procedure consisted of divid- 
ing a crack extending the width of a lane into 
three equal segments, then making a width 
Measurement in each segment at a point 
judged to be average. The value obtained by 
averaging the three measurements is cou- 
sidered to represent the average surface width 
of the crack for the particular lane. Although 
this method is rather crude, it is believed that 
the averages of a number of such measured 
values have significance in relative compari- 
sons. 


a At pavement ages of 10 and 15! vears, 
measured values of the average surface widths 
of numerous cracks were obtained in the man- 
ner described. Figure 7 shows, for each of the 
two ages, the relation established by plotting 
values obtained in the heavily traveled lane 
against corresponding percentages of longi- 
tudinal reinforcement. Each plotted value 
represents an average of a number of fractures 
lat formed at an early age in the central area 
of the longest section of a group of similarly 
Binforced sections. 


_ Comparisons available in figure 7 indicate 
rat the surface widths of cracks tend to de- 
C ease with an increase in the amount of longi- 
bu inal steel in spite of the fact that the 
leavier the reinforcement the longer the length 
of section. As expected, the surface widths 


racks tend to increase with pavement age. 
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Figure 6.—Surface condition at cracks typical of those that developed at an early age in 
the central portion of the longest section of each group of similarly reinforced sections 
(these were in the heavily traveled lane, after 151/2 years of service). 
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PERCENTAGE OF LONGITUDINAL STEEL 


Figure 7.—Effect of percentage of longitudinal steel and pavement age on the surface 


widths of cracks. 


The values shown are of fractures that occurred at an early age in 


the central portion of sections in the heavily traveled lane. 


of the selected cracks in the more heavily 
reinforced sections has been higher than that 
of the selected cracks in the shorter sections 
containing the lighter reinforcement. This 
trend is the opposite of earlier developments 
but, at present, seems to have little signifi- 
cance. 


Damage and Maintenance of Cracks 


Concrete deterioration, other than the nat- 
ural raveling and wearing just reported, was 
extremely rare at all cracks held closed by 
continuous reinforcement. Of the few cases 
of more than superficial damage observed at 
the cracks, the worst is pictured in figure 8. 
This type of damage, classified as surface 
spalling, was first noticed during the 1514-year 
performance survey. 

Surface scaling is another type of pavement 
distress that was first observed during the last 
survey. Currently, the scaling is confined to 
scattered pavement areas, is light in depth, 
and appears to be more prevalent in the im- 
mediate vicinity of cracks and joints than 
elsewhere. 

With reference to scaling, it should be men- 
tioned that during the last four winters cal- 
cium chloride, as an additive to sand or cinders 
for ice control, has been applied to the 
experimental pavement in indeterminate 
amounts whenever conditions warranted its 
use. The light scale observed in 1954 may 
have been caused by this treatment. Whether 
or not the many transverse cracks will acceler- 
ate its development can be, for the present, 
only a matter of speculation. 

With the exception of isolated cases of 
spalling, such as that shown in figure 8, it is 
the opinion of all those who have examined 
critically the more heavily reinforced sections 
that the inconsequential surface widths and 
the fineness of the transverse cracks them- 
selves definitely preclude the need for bi- 
tuminous maintenance. Opinion has been 
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divided, however, with respect to maintenance 
of the closed cracks in the sections containing 
the more conventional amounts of reinforce- 
ment. 


Performance and Limitation of 
Reinforcement 


For many years the required amount of 
longitudinal steel reinforcement for pavement 
sections has been computed by an analytical 
method based on the possible maximum tensile 
stress that could be induced in the steel by 
subgrade resistance during contraction of 
fractured sections. In the application of this 
method to the design of the experimental 
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Figure 8. EEE, Seed case of spalling at a crack in a section reinforced with heavy steel bars. 
Even minor spalling at such cracks is unusual. +30) 









the weight of the pavement. On this basis, 
the section lengths given in table 1 wo d 
develop the listed calculated maximum 
stresses in the steel, and the yield-point values 
that were anticipated for each of the three 
types of reinforcement would have been ap- 
proached closely in the longest section of each 
group. This was expected to produce, unde 
repeated stressing, inelastic elongation and 
possible breakage of the steel with a conse- 
quent opening of the cracks. ay 

However, the performance survey at the 
end of 1544 years showed that all percentages. 
of longitudinal steel of 0.17 and greater had 
been able to maintain in a closed condition all 
cracks in their respective group of sections. 
It is apparent, therefore, that the design 
assumptions of the experimental sections 
were too conservative to determine, as was 
intended, the limiting length of section for 
each of the selected steel sizes shown in table 1. 
Comparisons were further complicated by the | 
fact that tests on the steels used showed that, 
in general, the yield-point values were con- 
siderably higher than had been anticipated. _ 

As observed in table 1, the longitudinal 
steel incorporated in the various sections 
ranged from 0.07 to 1.82 percent, or from a_ 
minimum equivalent to the lightest used in 
pavement design to a maximum exceeding 
any other known pavement installation. 

After 15'% years of service the performance © 
of the sections containing the maximum per- 
centage of steel indicated definitely that 
longitudinal reinforcement, when positioned — 
near the mid-depth of the pavement slab, can 
be used in very large amounts without danger 
of cracking above the members, failures 
caused by buckling, or disintegration of the 
surrounding concrete. 
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As implied earlier, a number of open cracks, 
indicative of steel failures, developed in sec- 
tions containing the lighter percentages of 
longitudinal steel (0.11 and 0.07 percent). 
Figure 9 shows two of these failures that ap- 
peared in the heavily traveled lane sometime 
between the 10-year and 15!4-year performance 
surveys. In this lane, pumping and faulting 
developed rapidly after the cracks opened and 
bituminous maintenance was soon needed to 
alleviate surface roughness, 
_ The development of steel failures in the 
sections containing longitudinal reinforce- 
ment of 0.11 percent or less is shown in table 3. 
Of interest is, first, the length of time re- 
‘quired for the steel to rupture after a crack 
had formed and, second, the fact that section 
‘length exerted little influence on the occur- 
rence of the ruptures. 


Figure 9.—Cracks at which the reinforcing steel failed. 
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WIRE FABRIC 


and faulting 


As indicated in table 3, steel failures were 
first observed during the 8-year performance 
survey. At that time three breaks were noted 
in the heavily traveled lane, all at cracks in 
sections reinforced with the 32-pound wire 
fabric (0.07 percent longitudinal steel). Al- 
though two of these cracks were present at 
pavement age of 1 year and the other at 5 years 
the steel did not fail until sometime between 
the fifth and eighth years. At the end of 
15% years of service, seven additional steel 
failures were observed in the sections contain- 
ing the 32-pound wire fabric, four at cracks 
in the heavily traveled lane and three at 
cracks in the passing lane. Two of the cracks 
in the heavily traveled lane were present at 
pavement age of 5 years and the other two at 
10 years, whereas two of the cracks in the 
passing lane were first seen at the end of 
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Steel failures in the heavily traveled lane were generally followed by pumping 


1 year and the other at 10 years. Of the 
cracks at which steel breakage was found, 
three were in 30-, three in 40-, and four in 
50-foot sections. 


The steel failures that occurred at cracks in 
sections reinforced with 4-inch diameter 
rail- and billet-steel bars (0.11 percent longi- 
tudinal steel) took even longer to develop 
than those in sections containing the 32- 
pound wire fabric. 


All of the five failures in these sections were 


Table 3.—Steel failures at cracks in the 
experimeatal sections 


Year after construc- 


Failure location font whens 





| 
Steel 
failure 
first 
2 
bea ry vad a observed 


Section Pavement lane 


length 
Feet 





Outer | Inner 


| 
| | 





SECTIONS CONTAINING 32-POUND WELDED-WIRE 
FARRIC 





15% 
15% 
154% 


re 
aan oe 


mam 














vs 
« 





— 


SECTIONS CONTAINING 14-INCH-DIAMETER 
BILLET-STEEL BARS 


Fe tame os 


ie dic 





1514 


20 | 
40 





SECTIONS CONTAINING 14-INCH-DIAMETER 
RAIL-STEEL BARS 


~h 


> 


_ 
Ssap> 











1 Performance surveys were made shortly after construc- 


Figure 10.—The bridge-type joint, and early pumping at such a joint, tion and at the end of 1, 3, 5, 8, 10, and 154 years, 
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Figure 11.—Condition after 151/2 years of a double bridge- -lype expansion joint, typical of 


the majority. 


Loosening of the steel cover plate, pumping, and faulting developed 


at an early age at most of these joints in the heavily traveled lane. 


first observed during the 15-year perform- 
ance survey. Four were at cracks in the 
heavily traveled lane and one at a crack in 
the passing lane. One of these cracks was 
present at pavement age of 1 year, one at 3, 
two at 5, and the fifth at 10 years. Of the 
five steel failures (three for rail steel and two 
for billet steel), one each occurred in the 
group of 20-, 40-, and 60-foot sections and 
two occurred in the group of 80-foot sections. 

The crack survey data provide a compari- 
son between the behavior of the longitudinal 
steel in the sections containing the 32-pound 
wire fabrie and the longitudinal steel in the 
sections containing the slightly heavier 44-inch 
diameter rail- and billet-steel bars. At the 
time of the 5-year survey, six cracks had 
formed in the heavily traveled lane of the 
sections reinforced with the 32-pound wire 
fabric and nine such cracks had formed in 
the sections reinforced with the '-inch 
diameter steel bars. The 1514-year perform- 
ance survey indicated that the reinforcement 
had failed at five of the six cracks referred to 
in the sections reinforced with the wire fabric 
while, in contrast, the reinforcement had 
failed at only three of the nine cracks that had 
occurred during the first 5 years in the sec- 
tions reinforced with the steel bars. This 
difference in performance is probably a reflec- 
tion of the difference in the percentage of 
longitudinal steel in the two groups of sections. 

It is evident from table 1 that sections re- 
inforced with the 45-pound wire fabrie con- 


tain the same percentage of longitudinal steel 


as those reinforced with the '4-inch diameter 
bars. At the end of 15% years only four 
cracks were observed in the sections contain- 
ing the 45-pound wire fabric. Crack survey 
data disclose that one of these was first seen 
at the end of 5 years, two at 10 years, and 
the fourth at 15% years. All were in closed 
condition, 
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The exact cause or causes of the steel failures 
which have been described are not known. 
However, their occurrence irrespective of sec- 
tion length and their predominance in the 
heavily traveled lane, despite tie-bars in the 
longitudinal joint, point to repeated stresses 
induced by traffic loads as a major factor in 
their development. The nature of the failures 
suggests the need for extreme caution and a 
consideration of the possible effects of live-load 
stresses in the use of longitudinal reinforce- 
ment as light as 0.11 percent. 


Development and Effect of Pumping 


By the end of 154 years, pumping had 
affected various parts of the experimental 
pavement. In the following discussion of this 
development it will be of interest to keep in 
mind the steady increase in traffic volume 
recorded during the life of the experimental 
sections (fig. 1). 


Bridge-type expansion joints 


Karly in the life of the pavement, pumping 
began to appear at some of the bridge-type 
expansion joints (fig. 10) which were designed 
to provide the wider openings between the 
longer sections. These joints had no effective 
means of load transfer, except the steel cover 
plate, and consequently, under traffic, per- 
mitted slab deflections considerably larger 
than. those occurring at any other part of the 
constructed pavement. After 5 years of serv- 
ice many of the joints of this type were pump- 
ing, faulting was noticeable, and flexural 
cracking, caused by loss of subgrade support 
through pumping, had occurred in the end 
areas of several sections. At 154 years, 
nearly all of the bridge-type joints in the 
heavily traveled lane were subject to pumping 
and, at many, flexural cracking, serious settle- 
ment, and severe faulting of the slab ends 


ee states Of all ‘Socpeh on fe joints E 
the passing lane, however, only | three ve e 
affected by pumping. 

Figure 11 illustrates typically the general 
condition of the pavement existing at the 
majority of the double bridge-type expansion 
joints. When the photograph was taken, in 
the spring of 1954, most of the double and 
many of the single bridge-type joints were 
sources of acute surface roughness in spite of 
rather extensive maintenance. At 15% years 
these joints had reached the stage where 
major repairs were badly needed and such 
repairs were on immediate schedule. Al- 
though the action of pumping contributed 
materially to the poor condition of these 
joints, it must be recognized that all joints, ~ 
regardless of type, which separate long sec- 
tions, undergo large changes in width and, 
even when pumping is controlled, are sus- | 
ceptible to functional defects which contribute. 
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Seven years after construction, incipient 
pumping appeared at several of the conven-— 
tional doweled expansion joints which separate | 
the shorter sections. The provision for load 
transfer in the joints consisted of %-inch | 
diameter dowels spaced at 12-inch centers. 
After 10 years, pumping was observed at a 
number of these joints, but the action was- 
still so slight that faulting was negligible and 
flexural cracking of the slab ends had not 
occurred. At the end of 1514 years, however, 
the performance survey showed that pumping 
at the doweled joints in the heavily traveled 
lane had progressed to the point of causing 
considerable structural damage. Evidence of 
pumping was observed at more than half of 
the joints, approximately one-third had 
pumped to the extent that flexural cracking 
had developed in the slab ends, and faulting, 
as much as 4 inch, was present at the outside 
corners of several. In contrast, pumping was 
completely absent and faulting was negligible 
at the same type of joint in the passing lane. 

In concluding the discussion of pumping 
and expansion joints, it is of special interest to 
note that a comparison of the described 
service performances of the bridge-type joints 
and the doweled joints indicates that load- 
transfer devices have considerable value in 
resisting and delaying the action of pumping. 
It is also of interest that all percentages of 
longitudinal reinforcing steel of 0.11 or greater 
have, thus far, held closed all fractures that 
occurred, as a result of pumping, in the pave- 
ment areas adjacent to the various expansion 
joints. 










































Construction joints 


Construction joints constitute another strue- 
tural feature that has been affected b 
pumping. Essentially, two types of construc- 
tion joints were used in the experimenta 
pavement: one type in the sections reinfore 
with the welded wire fabric; the other in th 
sections reinforced with the deformed bars 
In the first, the wire fabric ended at the header 
board and 5s-inch-diameter deformed tie-bars 
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| feet long and spaced at 2-foot centers, were 
installed to hold the adjoining slabs together. 
In the second, the bar reinforcement was 
<tended through the header board. 
_ Of 11 construction joints of the first type, 
the 15-year survey of the heavily traveled 
lane showed that (1) five joints were subject 
to pumping, one to the extent of flexural 
racking, (2) widths ranged from tightly 
closed to % inch, (3) faulting had developed 
at nearly all, the maximum being % inch, and 
(4) moderate surface spalling of the edges 
requiring some maintenance was present at 
: _ the majority. In the passing lane pumping 
had not appeared at any of the joints, but 
}} widths were consistent with those in the 
heavily traveled lane and slight faulting and 
‘minor spalling had developed. Figure 12 
| shows the condition at one of these joints 
} which, as may be’ observed, had opened 
i “appreciably. Apparently the tie-bars crossing 
this type of joint did not develop ‘sufficient 
I “bond or lacked the strength to perform prop- 
} erly their intended function of maintaining 
adjoining slabs in close contact. 
} Under the same conditions 22 of the 25 
| construction joints of the second type—that 
| is, those containing continuous reinforce- 
 ment—were found to be structurally sound, 
| tightly closed, and free from pumping. The 
condition of the pavement at one of these 
'| joints, installed in the central portion of a 
section reinforced with 1l-inch diameter bars, 
| is shown in figure 13. 
Of the three unsound~construction joints of 
Mic second type, one each was located in sec- 
| tions reinforced with 1%4-, %-, and 44-inch 
diameter billet-steel bars. All three of the 
were open % to 1% inch, indisating failure 
of the reinforcing steel crossing them and, in 
_ the heavily traveled lane, all had pumped and 
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gure 13.—Condition after 151/2 years of a construction joint in the central portion of a 
_ section reinforcea with heavy steel bars. 





Figure 12.—Condition after 151/2 years of a construction joint in sections reinforced with 


wire fabric. 


faulted. These joint failures occurred some- 
time after the tenth year of pavement life. 
Quite perplexing is the failure that occurred 
at the construction joint in the section rein- 
forced with the 44-inch diameter bars (0.45 
percent longitudinal steel). This joint was 
located only 69 feet from the end of a 270-foot 
section. 

Inspection of the pavement in the vicinity 
of all construction joints through which the 
reinforcement was continuous showed that 
these joints had little effect on the crack 





Reinforcement was continuous through the 


Tie bars were used to hold adjoining slabs together. 


pattern normal to that part of the section in 
which they were located. This behavior 
differs from the abnormal concentration of 
cracking which has been observed in the con- 
crete placed immediately ahead of the joint 
in question when construction was resumed on 
certain other continuously reinforced pave- 
ments (5-10). Since there is evidence that 
the method of curing might have exerted some 
influence on the excessive cracking reported in 
the pavement adjacent to the construction 
joints of the other researches, it appears 
desirable to mention that the pavement under 
discussion was cured initially with wet burlap 
and then wet straw for a total of 7 days. 


Transverse cracks 


Pumping in various stages was noted at a 
number of the previously reported open cracks 
that formed in the sections reinforced with the 
lighter amounts of steel. Specifically, the 
15\4-year survey showed that of 11 such 
cracks in the heavily traveled lane, 9 were 


‘subject to pumping, flexural cracking of the 


slab ends had occurred at 4, and, in some 
cases, faulting was quite pronounced. Of four 
open cracks in the passing lane, slight evidence 
of pumping was observed at one. Two exam- 
ples of the condition described may be seen 
in figure 9. 

The appearance of pumping at the cracks 
shortly after the reinforcing steel ruptured is 
indicative of the structural weakness result- 
ing from this type of failure and emphasizes 
the importance of maintaining in closed condi- 
tion all cracks in reinforced concrete sections. 


In contrast to the action at open cracks, 
neither pumping nor faulting has developed 
at any of the large number of transverse cracks 
held closed by continous reinforeement. Con- 
sidering the prevalence of pumping and 
faulting elsewhere in the pavement, this per- 
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Figure 14.—Condition after 1351/2 years: Slab failure in heavily traveled lane near center of 


830-foot section reinforced with 1-inch rail-steel bars. 


Faulting at longitudinal joint 


and edge pumping preceded structural breakdown. 


formance indicates the watertight character 
and the inherent structural strength of cracks 
maintained in closed condition by reinforc- 
ing steel. 


Longitudinal free edge 


Pumping along the free edge of the pave- 
ment some distance from the ends of a section 
was first observed during the 10-year per- 
formance survey. At that time the only area 
affected was in the heavily traveled lane near 
the middle of an 830-foot section reinforced 
with 1-inch-diameter bars. In the immediate 
vicinity of pumping, abnormal raveling or 
chipping was noted at the surface edges of 
three closely spaced transverse cracks, indi- 
cating that the pavement at that point had 
been deflected considerably by heavy loads. 
The underlying cause of the excessive deflec- 
tion is pointed out by notes taken during 
construction which describe the subgrade at 
this point as soft, spongy, and unstable to 
such an extent that the side forms had to be 
supported by mudsills of heavy planking 
during placement of the concrete. 

Under continued pumping and deflection 
the narrow segments of the pavement within 
the boundaries of the three transverse cracks 
soon shattered and the broken pieces settled 
and faulted. In spite of considerable surface 
maintenance this failure became progressively 
worse and at the time of the last survey had 
developed to the condition shown in figure 
14. As indicated in the photograph, the 
adjacent pavement of the passing lane is 
entirely free from similar distress. 

To date, the described failure is the only 
one of its nature to appear in any of the ex- 
perimental sections. During the last survey, 
however, several areas of potential trouble 
were noted in the same section in which the 
failure developed. The worst of these is 
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shown in figure 15. Typical of the areas were 
an open and slightly faulted longitudinal 
joint, indicating slight settlement of the 
heavily traveled lane, and an excessive raveling 
or chipping of the edges of transverse cracks, 
indicating abnormal and localized deflection 
of the pavement under heavy loads. Except 
for a complete absence of pumping, these 
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At the time of the teseyear ts survey, Beiter e 
of pumping was observed at four additional 
locations along the free edge of the pavement, 
all being in the heavily traveled lane of rela- 
tively long sections. The action, however, 
had been very slight and the pavement in the 
areas was by no means in immediate struc- 
tural jeopardy. Figure 16 shows the most 
advanced stage of edge pumping observed at 
any of the locations. An exceptionally low 
shoulder existed at all four of the pumping 
locations and three of the four, like that of the. 
photograph, were within 100 feet of the ends 
of long sections where transverse cracking was 
minimum. 






















Effect of Traffic 





Throughout the report, reference has been 
made repeatedly to either the heavily traveled 
or the passing lane. Consequently, it is’ 
probably needless to recall that the experi-_ 
mental two-lane pavement is one-half of a 
rural, divided highway; and, typically, the 
outer \lane carries the greater number of 
vehicles and practically all of the heavy 
trucks, the inner lane being used largely for 
passing. Such a distribution of traffic naturally - 
provides an excellent opportunity to observe 
the effect of repetition of heavy loads on the 
structural performance and condition of the 
various sections. 





Development of cracking 


The 10-year crack survey showed that 53 
percent of the transverse cracks then present 
in both Janes of the pavement had formed in 





Figure 15.—Condition after 151/2 years: Potential failure in the central portion of 830-foo 


section reinforced with l-inch rail-steel bars. 
joint indicates settlement of the heavily traveled lane. 
mately 50 feet east of the failed area shown in figure 14. 


Slight faulting at the longitudina 
This development is approxi 


Fs 
February 1955 ® PUBLIC ROAD 


4 
! 


Mo Soe 


survey en the end of 1514 years piionea 





central area of the 1,310-foot section, only 51 
percent were in the heavily | iraecled lane 
and (2) of the total number of cracks (those 
caused by pumping omitted) in all sections of 
200 feet and less, 60 percent were in the 
heavily traveled lane. Thus it appears that 
repetition of traffic loads has exerted some 
influence on the development of transverse 
eracks, particularly in the shorter sections. 
In the restrained, multifractured central 
regions of long sections the influence is very 
slight, however. 























Surface widths of cracks 





In all of the later crack surveys it has been 
quite apparent that the greater volume of 
t affic using the outer lane causes considerably 
more raveling and wearing of the edges of the 
ansverse cracks than the lighter traffic on 
the passing lane. From data obtained at the 
end of 1514 years, figure 17 was prepared to 
compare the effect of traffic on the surface 
widths of cracks measured in the two lanes 
of the pavement. As indicated by the figure, 
the difference between lanes is appreciable, 
the average surface widths of cracks in the 
eavily traveled lane being approximately 
ee times those of companion cracks in the 
assing lane. In addition to the described 
lifference in crack raveling, all spalling, such 

; that shown in figure 8, is confined to the 


heavily traveled lane. 
‘? 
Pumping 




















































_ Since one of the conditions necessary for 
the development of pumping is the repetition 
of heavy loads, it is natural to expect that 
e evidence of pumping would be most pro- 
ounced i in the lane of the experimental pave- 
ment carrying the greater number of heavy 
trucks. A review of reported data discloses 
at rather serious pumping developed at a con- 
erable number of transverse joints and open 
cks in the heavily traveled lane in contrast 
© only four cases of slight pumping action at 
such points in the passing lane, From this it 
ght be concluded that the need for pro- 
isions to prevent or control pumping is 
rreater for the heavily traveled lanes of 
divided highways than for the passing lanes. 
The difference in the present condition of 
he two lanes of the experimental pavement 
indicates an inherent difference in the struc- 
iral requirements of the inner and outer lanes 
f the pavement on divided highways and 
1g gests the possibility of differences in design 
compensate for the characteristic distri- 
on oe traffic on that type of pavement. 





Pavement Smoothness 


nce the advent of the automobile the 


Each vehicle affords a means for 
faluating and comparing the smoothness or 
ughness of pavements and every motorist 
become a critic of riding comfort. As a 
Be ana smooth riding surface is a 


at (1) of the total number of cracks in the | 


riding quality of the roads over which it 











Figure 16.—Early stage of edge pumping observed at pavement age of 151/2 years. 


This 


condition developed over a 50-foot length near the east end of a long, heavily reinforced 


section. 


economic limits, the common goal of all pave- 
ment design. 

During the last survey, motoring at legal 
speed over the experimental pavement re- 
sulted in the following impressions: Starting 
in the heavily traveled lane and at the begin- 
ning of a long section, the ride was pleasantly 
smooth with only an occasional faint sensation 
of dipping. At the first double bridge-type 
joint, however, an abrupt jolt or shock accom- 
panied by vehicle vibrations was felt. Smooth 
riding continued again until another joint of 
similar type was encountered. Passing on to 
the intermediate-length sections separated by 
the single bridge-type joints, the impressions 
just described were repeated but on a more 
moderate scale, the effect of joint roughness 
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SECTION LENGTH IN FEET 


The arrows point to tiny pump holes. 


being less but at closer intervals. Continuing 


to shorter sections and the conventional 


expansion joints, a slight bump and pitching 
motion was felt at some of the joints, and at 
nearly all of them an annoying clicking sound 
was heard, suggesting that the sealing mate- 
rial was no longer flush with the surface of 
the pavement. Travel over the very short, 
lightly reinforced sections containing open 
cracks was accompanied by a succession of 
light bumps and slight pitching. 

In motoring over the passing lane, it was 
noted that disturbances at most joints were 
far less severe than those encountered at 
adjacent joints in the heavily traveled lane. 
In contrast, however, with the exception of 
damaged areas, there was no impression of a 
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Figure i7.—Effect of traffic on the surface widths of cracks at pavement age of 151/2 
years. 
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Table 4.—Comparison of the roughness 
indexes of the various groups of similarly 
reinforced sections with the average index 
of the pavement between joints of the 
long, heavily reinforced sections 4 


Ratio of roughness 
index of a_ given 
group of sections to 
that of pavement 
between joints of 
long sections 


Percentage of 
length: longitudinal 

Group steel] in sec- 

average tion 


Section 





Feet Percent | Outer lane | Inner lane 





SECTIONS CONTAINING RAIL-STEEL BARS 





960 1.82 
540 1.02 
240 «45 
133 . 26 

58 SLL 

















SECTIONS CONTAINING BILLET-STEEL BARS 








720 1.82 
1.02 

45 

. 26 
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SECTIONS CONTAINING WELDED-WIRE FARRIC 











1 All roughness indexes were determined at pavement age 
of 1534 years. 


difference between lanes in the riding quality 
of the pavement other than at the joints. 

From the motorist’s viewpoint the long 
stretches of pavement between the expansion 
joints of the heavily reinforced sections left 
little to be desired in riding comfort, indicating 
that the many cracks that formed in these 
sections have not affected the surface smooth- 
ness of the pavement. 

Another, more analytical approach to the 
relative riding quality of the various sections 
was provided by the road surface roughness 





indicator developed some years ago by the 
Bureau of Public Roads (1/1). With this 
device it is possible to compare the surface 
roughness of sections or groups of sections 
by means of an index expressed in inches 
per mile. 

At the end of 1534 years, roughness indexes 
were obtained for each group of similarly 
reinforced sections listed in table 1. In 
addition, a weighted average index was 
established for the pavement located between 
the joints of the long, heavily reinforced 
sections by excluding 50 feet of pavement 
on each side of the transverse joints separating 
these sections. This index should approxi- 
mate closely that which would have been 
obtained had these sections been constructed 
as continuously reinforced pavement without 
joints. 

The results of the 154-year roughness 
survey are given in table 4. In this table the 
indexes determined for each of the various 
groups of similarly reinforced sections are 
compared with the index representative of 
continuous pavement without joints. The 
section length listed in the first column of the 
table is the average of the range in section 
lengths ineluded in each group of sections and 
indicates the average spacing of transverse 
joints. 

It is apparent in table 4 that, in spite of a 
rather narrow range in the surface roughness 
of the various groups of sections, certain 
trends exist which support the impressions 
previously described. For example, in the 
outer, heavily traveled lane, the roughest 
pavement surface is shown for the groups of 
very short sections reinforced with the lightest 
amount of each type of steel. As discussed 
earlier, open cracks developed in the sections 
of these groups. Also, in the same lane, 
the ratios for the groups of long, heavily 
reinforced sections reflect the roughness 
existing at the bridge-type joints; whereas 
those for the groups of shorter sections 
indicate that the surface of the basic pavement 
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Table 5.—Distinguishing features of th 
four 500-foot special sections ! 
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Spacing of Weight of | 
Length Type of weakened- 
; weakened- reinforce- | 

of section plane j cints plane joint ment F 
Lb. per 100) 

Feet Feet 8g. ft. ¥ 
500 10 Surface-groove _- _- 91 - t 
500 LO cil Sea GQvoxt eh on ac 45 f 

500 10 Submerged_______- 91 f 
500 10> 2 see. 46-232 = 45 


1 Bond between the steel and concrete was purposel: 
destroyed for 18 inches on each side of each joint. Shea 
bars consisting of 34-inch diameter dowels, 18 inches long 
spaced at 12-inch centers, were placed in one-half of eac 
of the four sections. Copper seals enveloped the botton 
parting strips of the submerged type, weakened-plane joints 


with its large number of transverse cracks ij 
somewhat smoother than that of pavemen 
containing conventional expansion joints. In 
the inner or passing lane, the majority of the 
groups of sections have the same surface 
smoothness as that of the basic pavement, 
suggesting that, under certain conditions, 
pavements with expansion joints can retain 
surface smoothness equal to those of con 
tinuously reinforced pavements without joints. 

Another interesting relation disclosed by 
the roughness indexes determined at the ené 
of 15% years, but not apparent in table 4, is th 
fact that the pavement located between the 
joints of the long sections in the heavily 
traveled lane was of approximately the same 
smoothness as that of companion pavemen 
in the passing lane, in spite of the fact that 
the surface widths of the cracks in the heavil 
traveled lane were, on the average, three times 
those in the passing lane. 


Behavior of Special Sections 


It may be recalled that four special 500-foot 
sections containing weakened-plane joints a 
10-foot intervals were included in the experi 
mental pavement to develop information on 
the practicability of a design in which trans= 


1 
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Figure 18.—Condition after 151/2 years of weakened-plane joints, typical of those containing shear bars and continuous, structura ly 


138 


sound 91-pound wire fabric. 


February 1955 ®© PUBLIC RO/ 


a) oe ee 


PEEVE SE 


ia 
i. 
ad 


¥ 


Pe aE 


ea To 


pee 
a> ‘all 


; 



































PERS TPO; 


ecsé crack control is effected through the use 
of short constructed slabs with pavement 
continuity provided by continuous, relatively 
ightweight, longitudinal reinforcement. As 
explained in earlier reports, the basic feature 
of the proposed design is the deliberate break- 
ing of the bond between the steel and the 
‘concrete for a distance of 18 inches on each 
side of each joint. Through this feature the 
reinforcing steel’ can elongate &ppreciably at 
each joint without exceeding its yield point, 
making it possible, during contraction periods, 
0 provide a certain degree of relief from tensile 
aa induced by subgrade resistance. For 
sample, .during a sudden drop in pavement 
mperature when subgrade resistance is rel- 
atively great, the reinforcing steel can elongate 
‘nd permit the slab units to contract about 
heir individual centers. Then, subsequently, 
hen the resistance subsides, the steel can 
ontract and draw the units together. 
_ The distinguishing features of the four 
cial 500-foot sections, together with general 
sign details, are given in table 5. The 
rformance of these sections was expected to 
tnish information on (1) the overall effect of 
posely destroying the bond between the 
el and the concrete in the manner described, 
the amount of longitudinal steel necessary 
‘proper functioning of the proposed design, 
the benefit of shear units in the weakened- 
ine joints, and (4) the relative value of the 
0 types of weakened-plane joints. 
With these objectives in mind, the four 
ial sections were pers to a close 
ination during 2S 15\4-year performance 


vey. 


trface condition of joints 


Figure 18 shows the 154-year surface con- 
on of the two types of weakened-plane 
ts installed in the special sections. The 
tographs are of joints in the heavily 
aveled lane and the condition illustrated is 
pical of that now present at joints containing 
‘bars and unbroken 91-pound wire fabric. 





reinforcing steel failed. 


A well-sealed joint of good appearance is 
typical of the weakened-plane joint of the 
surface-groove type. All structurally sound 
joints of this type have continued in excellent 
condition and have required little mainte- 
nance. Their behavior indicates that, if pave- 
ment continuity is maintained, the compara- 
tively small length changes of the 10-foot 
slabs are conducive to well-sealed conditions. 

Likewise, except where steel failures have 
occurred, all weakened-plane joints of the 
submerged type, although rather unsightly 
in appearance, have continued to remain 
in excellent condition structurally. The frac- 
tures that formed above the parting strips 
of these joints are, in general, irregular and 
meandering in character, and, under exposure 
and the action of traffic, they have raveled 
and chipped to widths wider than those that 
developed in the regular sections reinforced 
with comparable Bare uennes of steel. For 
example, at the end of 15% years, the average 
measured surface width of fractures at 
structurally sound submerged joints con- 
taining the 91l-pound fabric was approxi- 
mately 0.3 inch in the heavily traveled lane 
or about twice the average surface width of 
fractures in the same lane of equivalently 
reinforced, regular sections. 

In contrast to the favorable condition 
found at the joints which were structurally 
sound, figure 19 shows the present state of 
surface deterioration typical of that existing 
in the heavily traveled lane at joints, con- 
structed without shear bars, at which the 
longitudinal steel was either broken or 
stressed beyond the yield point. Wherever 
the steel failed at the weakened-plane joints, 
relatively wide separations (up to % inch) 
quickly developed, and raveling and spalling 
increased appreciably. 


Steel failures 


The results of that part of the 15-year 
examination relating to failures of the longi- 
tudinal steel crossing the weakened-plane 


SUBMERGED 
TYPE 


Figure 39.—Condiiion after 151/2 years of weakened-plane joints, typical of those without shear bars and at which the 


joints are given in table 6. The data of this 
table indicate that, in the heavily traveled 
lane, the reinforcement was either broken 
or stressed beyond the yield point at 40 of 
the 196 weakened-plane joints incorporated 
in the four special sections. Of the 40 steel 
failures, 37 occurred at joints without shear 
units (dowels) indicating, rather definitely, 
that shear forces caused by loads passing 
over the joints were primarily responsible 
for the failure. Apparently, the elongation 
of the 36-inch length of unbonded steel at 
each weakened-plane joint permitted a sep- 
aration of the slab ends sufficient to destroy 
or reduce whatever shear resistance aggregate 
interlock may have provided and to transfer 
all or part of the function of resisting shear 
to the relatively small members of the welded 
wire fabric. 

Considering only the 37 failures that oc- 
curred at the joints without shear units, 
it is noted that 28 appeared in sections rein- 
forced with the 45-pound and 9 in those rein- 
forced with the 91l-pound fabric. This 


Table 6.—Steel failures and pumping at 
joints in the heavily traveled lane of the 
special sections ! at the end of 1514 years 


Weight of re- Number of 

* a v 
inforcement Shear joints with 4 
Lb. per 100 bars steel fail- 


8q ft ures 


umber of 
pumping 
joints 


SuRFACE-TYPE JOINT 





1 Table gives values for half sections. Either 24 or 25 
joints in each half section. 
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shows that although the 91-pound fabric 
provided better shear resistance than the 
45-pound fabric, the No. 000 gage wires of the 
heavier fabric were not adequate to provide 
the shear resistance necessary for good 
structural performance under conditions such 
as obtained in these tests. 

Of interest is the fact that all of the three 
steel failures which occurred at the doweled 
joints in the heavily traveled lane were in the 
half of the section containing the 45-pound 
wire fabric and the submerged type, weakened- 
plane joints. In accounting for these failures, 
it is possible for a progressive separation to 
develop at a joint and cause a residual tensile 
stress in the reinforcing steel. When this 
happens the relatively lightweight reinforce- 
ment, as used in the 500-foot special sections, 
may be subjected, during contraction periods, 
to tensile stresses sufficiently large to cause 
failures. In this connection, data presented 
in the 10-year report indicated that of the 
two types of weakened-plane joints, the 
submerged type developed the greater residual 
openings. 

From a consideration of the causes of the 
steel failures that have been described it 
appears that elimination of expansion joints 
would be advantageous to pavements of the 
design of the special sections. This would 
control the progressive opening of the 
weakened-plane joints and minimize shear 
failures by maintenance of more positive 
aggregate interlock. 


Pumping and faulting 


The distribution of pumping joints in the 
heavily traveled lane of the special sections 
is shown in the last column of table 6. At 
the end of 15% years, evidence of pumping 
was observed at nearly all of the impaired 
joints of the surface-groove type but, con- 
versely, except in two cases, there was little 
evidence of this action at those of the sub- 
merged type. When joints of the submerged 
type were installed, a copper seal which 
enveloped the bottom parting strip was 
incorporated in their design. It may be that 
these seals have continued to prevent the 
leakage of free water to the subgrade despite 
the wide separations that followed the steel 
failures. 

Of particular interest is the complete 
absence of pumping at all joints in the halves 
of the two sections which contain shear bars 
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and the 91-pound wire fabric. Considering 
that the special sections were constructed on a 
subgrade soil of proved susceptibility to 
pumping, it is indicated that structurally sound 
pavements of this design are highly resistant 
to pumping. 

As would be expected, tilting of the 10-foot 
slabs and consequent faulting at the joints 
was quite evident at all weakened-plane joints 
at which the reinforcing steel failed. Because 
of pumping, this condition was most severe 
at those of the surface-groove type. Faulting 
in amounts up to % inch was measured at the 
impaired joints and, in several areas, the 
pavement had been patched with asphalt to 
restore surface smoothness. 


Riding quality 

During the last survey, motoring over the 
heavily traveled lane of the four special sec- 
tions left the impression that the halves con- 
taining shear bars were of acceptable surface 
smoothness, but not as pleasantly smooth as 
the long stretches of pavement between joints 
of the heavily reinforced regular sections. 
On the other hand, the halves without shear 
units were, in places, disagreeably rough. 
The two halves reinforced with the 45-pound 


Table 7.—Comparison of the roughness in- 
dexes of the various halves of the special 
sections with the average index of the 
pavement between joints of the long, 
regular sections ! 


Ratio of roughness in- 
dex of a given half 
of a special section 2 
to that of pavement 
between joints of 
long, regular sec- 
tions 


Weight of re- 
inforcement 
Shear bars 


Lb. per 100 
sq. ft. 


Outer lane | Inner lane 





SURFACE-TYPE JOINT 


























! All roughness indexes were determined at pavement age 
of 15}8 years. 
2 Each roughness index is based on 250 feet of pavement. 









wire fabric, in which the majority of the steel 
failures occurred, were exceptionally bump 

Roughness indexes of the four 500-foo 
special sections were determined at the sam 
time as those of the regular sections. 'Thes 
indexes provide a means for evaluating th 
effects on surface roughness of the features 
listed in table 5. Comparisons of the rough 
ness index of each half of each of the fou 
special sections with the average inde 
established for the pavement between joints 
of the long, heavily reinforced regular sections 
are given in table 7. All roughness indexes 
compared in this table were determined at 
pavement age of 151% years. 

Considering the heavily traveled outer lane, 
it is apparent from table 7 that the surfaces 
of the four halves of the special sections con- 
taining shear bars in the weakened-plane joints 
were, after 1514 years: (1) 20 to 30 percent. 
rougher than the surface of the pavement be- 
tween the joints of the long, regular sections, 
(2) of nearly the same roughness, irrespective 
of type of joint or the amount of longitudinal 
steel crossing the joints, and (3) smoother, 
markedly so in two cases, than the surfaces” 
of the four halves with no shear units in the 
joints. 

A comparison of surface roughness confined 
specifically to the heavily traveled lane and 
the four halves of the special sections without 
shear bars in the weakened-plane joints 
indicates that, for comparable percentages of 
reinforcing steel, the halves containing the 
submerged type joint have, with time, less 
surface roughness than those containing the 
surface-groove type, and, for the same type of 
joint, the halves of sections reinforced with the 
91-pound fabric have, with time, considerably 
smoother surfaces than those reinforced with 
the 45-pound fabric. 

Interlane comparisons at the end of 15% 
years disclose that traffic has had little effect 
on the surface roughness of the four halves of 
the special sections with shear bars in the 
joints. However, in the halves without shear 
units, the surfaces of the sections in the heavily 
traveled lane have, with one exception, become 
appreciably rougher with time than those of 
their companion sections in the passing or 
inner lane. The one exception is the half of 
the section containing submerged type joints 
and the 91-pound wire fabric. In the heavily 
traveled lane of this half only two steel failures 
occurred and pumping was completely absent. 
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(1) Experiments with continuous reinforce- 
ment in concrete pavements, by E. C. 
Sutherland and 8. W. Benham. Pups- 
Lic Roaps, vol. 20, No. 11, Jan. 1940. 
Also, Proceedings, Highway Research 
Board, vol. 19, 1939. 


E) Progress in experiments with continwous 
reinforcement in concrete pavements, 
by H. D. Cashell and 8. W. Benham. 
Pusuic Roaps, vol. 22, No. 3, May 
1941. Also, Proceedings, Highway 
Research Board, vol. 20, 1940. 


(3) Experiments with continuous reinforce- 
ment in concrete pavement—a, five-year 
history, by H. D. Cashell and S. W. 
Benham. Proceedings, Highway Re- 
search Board, vol. 23, 1943 (con- 
densed). 


_ (4) Continuous reinforcement in concrete pave- 
ment, by H. D. Cashell and S. W. 
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Important changes in the design of traffic 
signs and other traffic control devices have 
recently been published in Revisions to the 
Manual on Uniform Traffic Control Devices for 
Streets and Highways, printed for the Bureau 
of Public Roads by the Government Printing 
Office. 

For many years the Manual on Uniform 
Trafic Control Devices has been the standard 
guide for American traffic engineers in the 
design and application of traffic control 
devices but, like any other standard, it must 
change to keep pace with a changing world. 
The responsibility for its periodic revision 
lies with the National Joint Committee on 
/ Uniform Traffic Control Devices, a group of 
experts representing the American Association 
of State Highway Officials, the Institute of 
‘Traffic Engineers, and the National Com- 
mittee on Uniform Traffic Laws and Ordi- 
nances. The latest edition of the Manual 
was published in 1948. The Joint Committee 
met during 1953 to review the standards and 
to recommend revisions on the basis of another 
5 years’ experience. Its recommendations for 





The Departments of Commerce and Labor 
have joined efforts in production of a new 
eriodical, Construction Review, which will 
Serve as a comprehensive and authoritative 
| source of information on the construction 
\ industry. The new monthly publication, 
Which will start with the January 1955 issue, 
' replaces the Labor Department’s Construction 
) i the Commerce Department’s Construction 
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revision have been approved by the three 
parent organizations and are now published 
in pamphlet form. 

The Manual on Uniform Traffic Control 
Devices for Streets and Highways, including 
the revisions supplement, is sold by the Super- 
intendent of Documents, U. $8. Government 
Printing Office, Washington 25, D. C., at 
90 cents a copy. As a separate publication, 
the Revisions to the Manual on Uniform Traffic 
Control Devices for Streets and Highways is 
available from the same source at 15 cents 
a@ copy. 

The principal changes brought about by 
the revisions, most of them affecting traffic 
signs, are as follows: 

1. A red stop sign, with white lettering, 
and with at least the lettering reflectorized, 
replaces the former standard yellow sign. No 
contrasting panels or supplementary messages 
are permitted. 

2. A “Yield Right of Way” sign is adopted 
for use at certain intersections where a full 
stop is not required. This sign is a yellow 
equilateral triangle, with one point downward. 


Construction Review 


and Building Materials. 

Construction Review is available by purchase 
from the Superintendent of Documents, U. 8. 
Government Printing Office, Washington 25, 
D. C. The subscription rate is $3.00 per 
year, and single copies are priced at 30 cents. 

Construction Review brings together virtually 
all current statistics pertaining to construction 
which are compiled by the Federal Govern- 
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road surface roughness, by J. A. 
Buchanan and A. L. Catudal. Pustic 
Roaps, vol. 21, No. 12, Feb. 1941. 


Also, Proceedings, Highway Research 
Board, vol. 20, 1940. 


Revisions to the Manual on Uniform Traffic Control Devices 


3. “No Passing’ and “End No Passing 
Zone’”’ signs are replaced by signs reading 
“Do Not Pass” and ‘Pass With Care’, 
respectively. 

4. The cardinal direction marker is to read 
“North”, ‘“South’’, etc., rather than ‘North- 
bound”, etc. 

5. The minimum mounting height to the 
bottom of signs in rural areas is increased to 
5 feet, to avoid road splatter. 


6. Warning signs are to be placed further 
in advance of dangers ahead. 


7. The border around signs is now optional 
rather than mandatory. 


8. Railroad-crossing pavement markings 
are confined to the right-hand portion of the 
pavement. 


9. Traffic signal installations must show at 
least two signal faces visible on each approach 
to an intersection. 


10. The minimum traffic ‘‘warrants’’ (ve- 
hicular and pedestrian volumes) justifying 
traffic signal installation are raised in certain 
respects. 


ment, plus some nongovernmental material. 
Statistical series include value of new con- 
struction put in place, new nonfarm dwelling 
units started, building permit valuation, con- 
tract awards, construction cost indexes, wage 
scales, wholesale prices and production of 
building materials, contract construction em- 
ployment, etc. The publication will also 
report on specific aspects of construction. 
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Annual Report of the Bureau of Public Roads, Fiscal Year 1954 


The Annual Report of the Bureau of Public 
Roads, Fiscal Year 1954, is now available from 
the Superintendent of Documents, U. S. 
Government Printing Office, Washington 25, 
D. C., at 30 cents a copy. 

Covering the fiscal year ended June 30, 
1954, the report deals with many vital aspects 
of highway transportation. As the principal 
roadbuilding agency of the Federal Govern- 
ment, the Bureau supervises the expenditure 
of funds authorized to aid the States in 
highway construction. It also supervises 
highway construction in National forests and 
parks and furnishes highway engineering 
assistance to other Federal agencies. In 
addition, the Bureau carries on a_ broad 
program of research dealing with the problems 
of highway improvement and traffic control. 

The report discusses all phases of the 
Federal-aid construction program, which 
reached new high levels in 1954. Included 
are improvements on the National System of 
Interstate Highways, on primary and urban 
highways, and on farm-to-market roads. 
Outstanding Federal-aid projects are de- 
scribed. The report also reviews factors 
affecting progress, new highway legislation, 


Criteria for Prestressed Concrete Bridges 


The Bureau of Public Roads recently issued 
Criteria for Prestressed 
which is available by pur- 


a new publication, 
Concrete Bridges, 
chase from the Superintendent of Documents, 
U. $8. Government Printing Office, 


ton 25, D. C., at 15 cents a copy. 


Washing- 


The criteria presented in the 3l-page pam- 
phlet were developed in the hope that they 
may be useful until such time as more com- 
plete specifications, covering the subject in 
far greater detail, may be presented to the 
civil profession by American 
specification and code writing bodies. 


engineering 


Included in the publication are criteria on 


the design, materials, and construction of 


A new one-volume edition of the Uniform 
Vehicle Code was recently published by the 
National Committee on Uniform Traffic Laws 
and Ordinances. The Code, formulated in 
1926 and revised periodically in the light of 
new developments and practical experience, 
provides a reliable guide for the use of the 
legislatures of the States in the development 
of Nationwide uniform traffic regulation. 

The Uniform Vehicle Code (revised 1954) is 
a consolidation, rearrangement, and revision 
of the material heretofore included in five 
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foreign activities, including progress on the 
Inter-American Highway, and work in the 
field of highway safety. 

The work done in fiscal year 1954 was 
financed by Federal-aid funds of $575 million 
authorized for the year and remaining bal- 
ances of prior authorizations, together with 
State and local matching funds. All classes 
of Federal and Federal-aid projects: completed 
during the year had a combined length of 
20,989 miles. The decrease of 11 percent in 
total mileage completed from the all-time 
record of the previous year was due to a greater 
dollar volume of work in urban areas where 
costs per mile are high. The total cost of 
projects completed during the year amounted 
to $1,106 million, of which $585 million was 
Federal aid. The total was 2 percent greater 
than the previous year. 


The 20,989-mile total included 4,488 miles . 


of highways and 995 bridges on the Federal-aid 
primary system outside of cities (principal 
intercity routes), 767 miles of highways and 
453 bridges on urban portions of the primary 
system, 14,995 miles of highways and 1,631 
bridges on secondary or farm-to-market 
roads, and 739 miles of highways in National 


prestressed concrete bridges, and explanatory 
discussions of the criteria. 

The Bureau recognized in 1952 that the 
prestressed method of concrete construction 
had great possibilities in the building of better 
and more economical highway bridges of rein- 
forced concrete, and that in many instances 
prestressed concrete might become a com- 
petitor of structural steel also. 

There were no American standard codes 
governing the design of prestressed concrete 
bridges at that time. In recognition of the 
need for a guide to design that would provide 
structures acceptable for Federal-aid projects, 
the Bureau, in March 1952, prepared and 
distributed a Design Criteria for Prestressed 
Concrete Bridges (Post Tensioning). Although 


Uniform Vehicle Code 


separate acts, formerly published by the U. S. 
Government Printing Office. The Code is 
now incorporated in a single act of 19 chapters, 
and the new arrangement will facilitate study 
of present laws in comparison with the provi- 
sions recommended as a guide for uniformity. 
The table of contents provides a key tothe 
section numbering in the previous five individ- 
ual acts. 

The new 197-page Uniform Vehicle Code is 
published and sold by the National Committee 
on Uniform Traffic Laws and Ordinances, 1604 
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forests, parks, parkways, and _ flood-relie 
projects. At railway-highway grade crossings 
193 hazardous crossings were eliminated, 21 
inadequate grade-crossing structures were re 
constructed, and 315 crossings were protected 
by the installation of flashing lights or other 
safety devices. 

Research activities covered by the oem 
include highway design standards, bridge 
design, and joint planning of location of hae 
ways and airports, and development of high- 
way improvement programs for urban areas. 
A section of the report deals with parking 
meters—their financing, revenues, installation 7 
costs, and related matters. The report pre-- 
sents the results of physical research involving 
soils and related problems directly affecting _ 
improved road construction and lower costs. 

In reviewing recent developments, the rej 
port points out that the most significant trend 
of the year was the increasingly strong and 
widespread demand that steps be taken to 
make our highway systems adequate within 
the shortest possible period—with particular 
emphasis on the need for improved main 
arteries between urban areas and for express-_ 
ways in cities. i 


















the scope of the criteria were very limited, 
the issue attracted considerable attention, 
and many constructive comments and sug- 
gestions were received from American ana 
European engineers engaged in prestressed 
concrete design and construction. 

On the basis of these comments and sug- 
gestions, a rough draft of a new and greatly 
enlarged criteria, covering design, materials, 
and construction, was prepared and sub- 
mitted in September 1953 to a number of 
authorities in the field both in this country 
and abroad. Thoroughly revised in the light 
of their comments, the criteria, together with 
supporting discussion and source references, 
now appear in the new publication. 
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K Street, N. W., Washington 6, D. C. Single 
copies are priced at 75 cents, plus 8 cents for 
postage and handling, making a total charge 
per copy of 83 cents. The Committee, on 
request, will quote prices for quantity orders, 
The Model Traffic Ordinance (revised 1953), 
companion publication to the Uniform Vehiel 
Code with particular application to cities 
continues to be available from the Superin- 
tendent of Documents, U. 8. Government 
Printing Office, Washington 25, D. C., at 2¢ 
cents a copy. . : 
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